Clinical isolates of Mycobacterium tuberculosis were shown by Southern blotting to contain DNA sequences hybridizing to a probe derived from a Mycobacterium fortuitum plasmid. Two such M . tuberculosis DNA fragments, isolated from a gene library, were used as probes to show restriction fragment length polymorphism in M . tuberculosis strains by detecting a repetitive sequence apparently located at different points on the chromosome. This could indicate the presence of a transposable element in M . tuberculosis which is partly homologous to a region of the M . fbrtuitum plasmid. The probes described can be used to fingerprint M . tuberculosis isolates, and in addition are capable of distinguishing M . tuberculosis from Mycobacterium bovis and BCG.
I N T R O D U C T I O N
The occurrence of plasmids is well documented in some species of mycobacteria, most notably in the Mycobacterium aviumlMycobacterium intracellulare complex (Craw ford & Bates, 1979 Bates, , 1986 Crawford et al., 1981 a ; Franzblau et al., 1986; Meissner & Falkinham, 1986; Mizuguchi et al., 198 1) and in Mycobacterium fortuitum (Hull et al., 1984; Labidi et al., 1984) . In some cases evidence has been presented to link these plasmids to characteristics such as restrictionmodification systems (Crawford et al., 198 1 b) , mercury resistance (Meissner & Falkinham, 1984) and (tentatively) resistance to certain antibiotics (Franzblau et al., 1986) . Some of these plasmids are now well characterized, in particular the M . fortuitum plasmid pAL5000, which has recently been sequenced (Rauzier et al., 1988) .
With Mycobacterium tuberculosis however the picture is less certain. Although there have been reports (e.g. Alberghina et al., 1973) which have cited evidence to suggest the presence of plasmids in M . tuberculosis in association with phenomena such as antibiotic resistance, none of these presumptive plasmids have been isolated and characterized. Electrophoretic examination of DNA from a large number of antibiotic-resistant clinical isolates of M . tuberculosis provided an indication of the possible presence of extrachromosomal DNA in some of these isolates (Zainuddin, 1988) , but attempts to isolate these presumptive plasmids were unsuccessful. In this paper we report the results obtained when attempting to confirm the presence of plasmids in some of these isolates, using a DNA probe derived from a M . fortuitum plasmid. Hybridizing sequences were detected; these appeared not to be extrachromosomal, but to consist of repetitive DNA elements showing a marked restriction fragment length polymorphism (RFLP). This suggests the presence of a transposable element in M . tuberculosis that contains a DNA sequence related to a part of the M . fortuitum plasmid. One of these M . tuberculosis DNA fragments can be used as a probe for differentiating between strains of M . tuberculosis and also for distinguishing M . tuberculosis from Mycobacterium bovis and BCG. In this respect it differs from other gene probes available which do not distinguish between different members of the M . tuberculosis complex. The significance of these repetitive sequences, and their relationship to the repetitive elements described by Eisenach et al. (1988) , is discussed.
METHODS
Bacterial strains. The Escherichia coli strains used for amplifying the gene libraries and for propagating the clones obtained were LE392 (F-hsdR.514 supE44 supF.58 lacYI; Maniatis et al., 1982) and the P2 lysogen P2392 (F-hsdR.514 supE44 supF.58 lacy1 P2; Frischauf et al., 1983) . Those isolates of M. tuberculosis referred to specifically in this study are listed in Table 1 , and other mycobacterial species in Table 2 .
Media, growth conditions and buflers. E. coli strains were grown in L-broth or on L-agar (Maniatis et al., 1982) at 37 "C. Mycobacterial strains were grown at 37 "C in Middlebrook 7H9 broth (Difco) or on Middlebrook 7H 1 1 agar (Difco) supplemented with oleic acid albumin dextrose (OADC ; Difco) and prepared according to the manufacturer's instructions. Mycobacterium smegmatis was grown at 37 "C in nutrient broth no. 2 (Oxoid). TE buffer is 10 mM-Tris/HCl, 1 mM-EDTA, pH 8; 20 x SSC is 3 M-NaCI, 0.3 M-sodium citrate, pH 7 ; 20 x SSPE is 3.6 M-NaCI, 20 mM-EDTA, 0.2 M-NaH2P0,/Na2HP04, pH 7.7; 50 x Denhardt's solution is 0.5 g Ficoll ( M , 400000), 0.5 g polyvinylpyrrolidone (M, 40000) and 0-5 g bovine serum albumin in 50 ml water.
Extraction of 'total' DNA from mycobacteria. The cells were grown with shaking in 7H9 broth until midexponential phase, usually 48 h for the fast growers and 2 to 4 weeks for the slow growers. Glycine was added to a final concentration of 2% (w/v). Incubation was continued for a further 16 or 48 h for the fast and slow growers respectively. Cells were harvested by centrifugation and resuspended in lysozyme solution (10 mg ml-* in water), using 1 ml of lysozyme solution for each 20 ml of culture. The suspensions were incubated at 37 "C for 4 to 16 h. A half vol. of 2% (w/v) SDS (in TE buffer) was added and the mixture was thoroughly mixed. After lysis had Plasmid-related sequences in M . tuberculosis 2349 occurred, the suspension was extracted with phenol, then phenol/chloroform, and chloroform. If material could still be seen at the interface, the phenol/chloroform and chloroform extractions were repeated. The final aqueous phase was recovered and the DNA was ethanol precipitated. The recovered DNA was resuspended in TE buffer, RNAase A was added (50 pg ml-l) and the mixture was incubated at 37 "C for 1 h. RNAase A was removed by phenol/chloroform extraction and the DNA was reprecipitated. The DNA was stored resuspended in TE buffer at 4 "C. An alternative procedure was also used for M. tuberculosis to avoid the hazard of shaking large flasks of culture. A cell suspension was inoculated onto 7H11 agar which was then incubated at 37 "C for up to 2 weeks. The cells were scraped off, pooled and resuspended in 50 to 100 ml of 7H9 broth containing 10% (w/v) OADC and 2% (w/v) glycine. The broth was incubated overnight or for 48 h at 37 "C. DNA was then extracted as described above.
Southern blotting and hybridization. Southern blotting onto Hybond-N filters was carried out by standard procedures (Maniatis et al., 1982) . DNA fragments for use as probes were recovered from agarose gel using the Geneclean kit (Stratech) and were labelled with 32P by oligonucleotide primer extension using the Multiprime procedure (Amersham). Filters were prehybridized at 68 "C in hybridization buffer (5 x Denhardt's solution, 5 x SSPE, 0.2% SDS, 100 pg sonicated salmon sperm DNA ml-l) before adding the labelled probe. After hybridizing overnight at 68 "C the filters were washed at 68 "C with, sequentially, 2 x SSC, 2 x SSC containing 0.1 % SDS, 0.1 x SSC containing 0.1 % SDS. Autoradiography was carried out as described in the figure legends.
Preparation and screening of gene libraries. 1 phage EMBL4 DNA and in vitro packaging kits were purchased from NBL. The vector arms were prepared by digestion with BamHI and Sun (to reduce re-ligation of the stuffer fragment). The short BamHI-SalI fragments were removed by selective precipitation with 2-propanol. Mycobacterial DNA (2 pg) was partially digested with Sau3A and subjected to selective precipitation to eliminate smaller fragments. Agarose gel electrophoresis of this material confirmed that the majority of the fragments were between 4 and 15 kb in size; additional size selection is provided by the vector, which requires an insert of 9-23 kb. The fragments of mycobacterial DNA were dephosphorylated to eliminate multiple inserts and ligated to the prepared vector arms. After in vitro packaging, samples of the libraries were assayed using the P2 lysogenic strain P2392 (which will only permit recombinant phage to grow). The libraries were subsequently amplified, using the same host strain, and plaque lifts on Hybond-N filters were screened with DNA probes labelled by oligonucleotide primer extension. Positive clones were purified through several rounds of single plaque isolation and testing with the same probe until all plaques were positive.
In vitro DNA manipulation. All enzymes and reaction buffers were obtained from BRL. Ligation and restriction digests were performed according to the manufacturer's recommendation.
RESULTS

Plasmid screening of M . tuberculosis isolates
Electrophoretic examination of DNA from clinical isolates of M . tuberculosis provided a preliminary indication, in some cases, of the presence of a high molecular mass plasmid band (Zainuddin, 1988) . However, repeated attempts to isolate these presumptive plasmids, either by extraction from agarose gels or by caesium chloride/ethidium bromide gradient ultracentrifugation, were unsuccessful.
In an attempt to establish whether these isolates really do contain plasmids, we used DNA probes derived from other mycobacterial plasmids, on the assumption that there may be some regions of homology between plasmids from different mycobacterial species. One of the plasmids chosen for this purpose was pUS300, isolated from M . fortuitum strain 140 410 003 (Labidi et al., 1984) . This plasmid is believed to be similar to, but not identical with, pAL5000.
Total DNA preparations (1-2 pg) from selected M . tuberculosis isolates were digested with PvuII or BamHI. These samples, together with undigested DNA, were subjected to agarose gel electrophoresis, transferred to Hybond-N filters, and probed with the labelled M . fortuitum plasmid pUS300. Fig. 1 shows that these M . tuberculosis isolates contained DNA regions that hybridized to the M . fortuitum plasmid DNA. However, in the undigested samples the hybridizing band co-migrated with the chromosomal DNA and no additional hybridizing bands were seen. This indicates that if there is any plasmid-like element present it is either entirely integrated into the chromosome, or it does not contain any regions homologous to the probe. In the digested DNA samples, the size and number of fragments generated varied markedly from one strain to another. This heterogeneity would be consistent with the presence of a transposable element, or of an episomal agent integrated at different chromosomal locations. It was possible that the probe used was contaminated with chromosomal DNA from the host strain of M . fortuitum, and that the hybridization seen with the M . tuberculosis DNA was due to cross-reaction with this M . fortuitum DNA. In order to eliminate this possibility, the pus300 plasmid was cloned in E. coli by fusion with pUC19. This was achieved by linearizing both plasmids with EcoRI followed by ligation and transformation of an E. coli host strain. The resulting fusion plasmid was designated pUS301. The use of pus301 as a probe also disclosed hybridizing bands in Southern blots of M . tuberculosis DNA, while control experiments using pUC19 as a probe did not reveal any such bands (results not shown). This confirms the finding that these clinical isolates of M . tuberculosis contain regions of DNA that are homologous to a part of this plasmid from M . fortuitum.
Construction and screening of gene libraries
In order to identify the M . tuberculosis DNA sequences responsible for the observed hybridization with the M . fortuitum plasmid pUS300, we constructed gene libraries of three M . tuberculosis isolates (50410,50495,60420). Size-selected, dephosphorylated fragments of Sau3A-digested M . tuberculosis DNA were ligated to prepared BamHI-digested arms of the A vector EMBL4. After in vitro packaging, each library was shown to contain between 5000 and 9000 independent clones.
For screening, each library was amplified on E. coli P2392 and plaque lifts on Hybond-N nylon membranes were probed with the recombinant plasmid, pus301 (Table 3) . A total of 25 clones were identified as hybridizing to the probe, out of an estimated 72000 plaques screened; of these, nine clones were successfully plaque purified. Two clones were selected from each library and amplified using E. coli LE392. Digestion of the DNA from these clones with EcoRI followed by Southern blotting confirmed that each clone contained a DNA insert that could be detected by hybridization with pUS300.
One clone from library A (from M . tuberculosis isolate 50410) was chosen for further study, and is designated clone A3. The DNA from this clone yielded four EcoRI fragments (in addition to the vector arms), with approximate sizes of 9, 5, 1.8 and 1.5 kb. Since the library was constructed using dephosphorylated fragments of mucobacterial DNA, we assume that this clone contains an insert comprising a single contiguous region of M . tuberculosis DNA with three EcoRI sites. However, we cannot totally exclude the possibility that the clone contains multiple inserts from different regions of the genome. It should be noted that the EcoRI sites at the end of the insert are derived from the vector and not from M . tuberculosis. Southern blotting showed that two of the EcoRI fragments from the insert in clone A3 (9 kb and 5 kb) hybridize to pUS300, while the other two fragments do not. This suggests that only that part of the cloned fragment in the vicinity of the EcoRI site separating the 9 kb and 5 kb fragments is homologous For further analysis, the 9 kb and 5 kb EcoRI fragments of clone A3 were recovered separately from an agarose gel and used to probe Southern blots of mycobacterial D N A ; these probes are referred to as A3/1 and A3/2 respectively. to pus300.
Probing of mycobacterial DNA Total DNA from 15 strains of M . tuberculosis, as well as several other mycobacterial species, was digested with PvuII and Southern blots were probed with A3/1, labelled by the random primer method. A representative selection of results is shown in Fig. 2: each M . tuberculosis strain contained up to six hybridizing fragments. Four of these bands (3.2 kb, 2.7 kb, 0.6 kb and 0.5 kb) were present in each strain. In addition, each strain exhibited one or more larger fragments (4.4 kb, 6.2 kb, 8.3 kb and greater than 10 kb) with a pattern that varied from strain to strain. The noteworthy feature of this variation is that the 4-4 kb band was present in most strains, but at varying intensities. Where there was a band at 6.2 kb (e.g. 61 125, track 5 ) or 8.3 kb (e.g. 61066, track 3), the intensity of the 4.4 kb band was markedly reduced when compared to strains such as 50410 (track 1) or 61267 (track 6) which lacked the additional band. This behaviour is suggestive of an invertible DNA element with an internal PuuII site, or of a repetitive sequence with variable copy number within the hybridizing fragment.
With this probe the M . bouis and BCG strains were indistinguishable from one another, and exhibited considerable similarity to the M . tuberculosis isolates. In particular, the four lower bands that were common to all the M . tuberculosis strains were also found in M . bouis and BCG, and there was also a (weak) 4.4 kb band. The largest hybridizing PvuII fragment from M . bouis and BCG was greater than 10 kb in size, which was similar to that in only one of the M . tuberculosis strains. No significant hybridization was detected with DNA from the other mycobacterial strains tested : M . fortuitum 60660, M . fortuitum-perigrinum 148, 125, M . intracellulare 103, M . phlei, M . scrofulaceum W262, M . paratuberculosis, M . chelonei 60680, 60469. It should be noted however that DNA from a mycobacterial strain originally supplied to us as BCG, and referred to as such in reports from this laboratory (Kieser et al., 1986; Collins et al., 1987) showed a different pattern of very weakly hybridizing bands (Fig. 2, track 10) . The difference between this pattern and that obtained with M . bouis and other strains of BCG prompted us to check the identity of this strain. It was therefore sent to the Mycobacterial Reference Laboratory (Dulwich, UK), where it was identified as resembling M . auiumintracellulare. Fortunately, this does not invalidate any of the earlier work, and does highlight the usefulness of probes such as this for the identification of mycobacteria.
PuuII digests of mycobacterial DNA were tested with probe A3/2 in the same manner. The result (Fig. 3) was a dramatic pattern of multiple bands for each strain, of which only one band (2 kb) appeared to be constant from one strain to another. The variation in intensity of the bands suggests that some of the larger fragments may be due to trace amounts of partial digestion products, although these were not evident on the strained gel (with the exception of track 8).
Even if these minor bands are discounted, each M . tuberculosis strain contains between 4 and 11 PuuII fragments that hybridize strongly to this probe. Furthermore, the banding patterns appear to be unique to each strain. This probe therefore appears to be able to 'fingerprint' a specific M . tuberculosis strain, which may be extremely useful for epidemiological purposes. One interpretation of these results is that probe A3/2 includes one end of a transposable element, which generates a polymorphism, dependent on the location of the nearest PvuII site to the point of insertion.
In addition, Fig. 3 shows that the M . bovis and BCG strains used, although hybridizing to the probe, showed a much simpler pattern that could be readily distinguished both from M . tuberculosis and from each other. It is likely that this hybridization is at least in part due to the presence within the probe sequence of a portion of M . tuberculosis DNA (as opposed to DNA of the proposed transposable element), which would follow from the above deduction that this probe spans the end of the transposable element. Further tests of larger numbers of strains will be needed to verify the usefulness of this probe in distinguishing between M . tuberculosis, M . bovis and BCG. As with the first probe, none of the other mycobacterial species tested showed any significant degree of hybridization to probe A3/2.
DISCUSSION
The original aim of this investigation was to isolate and characterize plasmids from M . tuberculosis. However, this aim was supplanted by the interesting results obtained by using the M . fortuitum plasmid pus300 as a probe of Southern blots of M . tuberculosis DNA. Although this approach did not succeed in confirming the existence of extrachromosomal DNA in the M . tuberculosis isolates, it did achieve the unexpected result of disclosing the presence in M . tuberculosis DNA of repetitive sequences with homology to a region of the M . fortuitum plasmid.
The use of the corresponding cloned fragments of M . tuberculosis DNA as probes demonstrated a RFLP that is consistent with these sequences forming part of a transposable element with multiple copies randomly inserted into the mycobacterial chromosome. Although we cannot totally exclude the possibility that the clone used as the source of these probes may have contained multiple inserts due to inadequate phosphatase treatment, the simplest explanations of our findings rest on the assumption that at least the significant portions of the probes used are derived from contiguous regions of the chromosome. The homology with the M . fortuitum plasmid indicates that there is a certain degree of naturally occurring genetic interchange within the mycobacteria that has important implications for the potential spread of antibiotic resistance.
The structure of this putative transposable element is at present under investigation, but the data presented in this paper are consistent with an element of at least 12 kb in size, comprising the whole of the 9 kb fragment and a major part of the 5 kb region. On this basis, the extensive polymorphism associated with the 5 kb probe would be due to differences in insertion sites, while the 9 kb probe shows a more consistent pattern, indicating that it is internal to the putative transposable element. We suggest that the more limited variation disclosed by the 9 kb probe may be due either to an invertible region, or to repeats of a sequence within the region detected (or indeed to tandem repeats of the whole element). The homology with the M . fortuitum plasmid pus300 is probably confined to the region around the EcoRI site, since both fragments are detected by a pus300 probe but pus300 is considerably smaller than the putative transposable element.
We have not been able to infer any phenotypic properties associated with this hypothetical transposable element. Although the majority of the strains tested were selected on the basis of their resistance to one or more antituberculous drugs, one strain (50310) which was fully sensitive exhibited as many hybridizing fragments as did the resistant strains. It is possible that the element is a transposable bacteriophage (comparable to phage Mu) rather than a conventional transposon or insertion sequence.
Two other reports have recently appeared describing repetitive sequences in M . tuberculosis (Eisenach et al., 1988; Reddi et al., 1988) . The relationship between these elements remains to be elucidated, but this present report differs in that one of the probes used by us (A3/2) is able to distinguish between M . tuberculosis and M . bovis (or BCG). The probes derived from repetitive sequences by Eisenach et al. (1988) and by Reddi et al. (1988) detected M . bovis or BCG as effectively as M . tuberculosis. Species-specific repetitive elements have also been described in Mycobacterium paratuberculosis (McFadden et al., 1987) and Mycobacterium leprae (ClarkCurtiss & Docherty, 1989) .
Repetitive elements such as those described in this paper are of significance in the development of diagnostic probes partly because of the increased sensitivity associated with multiple copies of the sequence concerned, but more significantly because the extensive RFLPs can be used for identification of specific strains. In this way, isolates can be 'fingerprinted' for epidemiological purposes. Attempts have been made previously to use restriction endonuclease analysis for this purpose (Collins & De Lisle, 1985; Shoemaker et al., 1986) , but DNA probes that detect RFLPs provide an easier and more precise method of tracing the relationship between isolates. In addition, probe A3/2 provides a unique capability for rapidly distinguishing between M . tuberculosis, M . bouis and the vaccine strain BCG, which will be a valuable aid to diagnostic microbiology. This contrasts with other probes which have been specifically developed so as not to discriminate between the members of the M . tuberculosis complex (Roberts et al., 1987; Eisenach et al., 1988) .
A further significance of the findings reported in this paper is that this element, if confirmed as a transposon, provides a potentially powerful tool to supplement the recently described methods for the genetic manipulation of mycobacteria (Snapper et al., 1988; Zainuddin et al., 1989) , which are expected to lead to a greater understanding of the genetic and molecular basis of pathogenicity and antibiotic resistance of mycobacteria.
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